Very high-resolution ( 30 kHz) and very precise ( 2 kHz) saturation dip and crossover dip measurements are reported for HCN. Nine consecutive rotational transitions of the vibrational ground state were recorded, covering the rotational spectrum up to the = 11 10 transition at 975 GHz. Commencing the saturation dip measurements with the = 3 2 transition located at 265 886.4 MHz, all rotational transitions were measured up to = 11 10 (∆ = 1), positioned at a center frequency of 974 487.2 MHz. It has become possible to resolve the hyperfine structure of every rotational transition to varying degrees. Transitions obeying the selection rules ∆ = 1, ∆ = 0 are have been resolved, those obeying the selection rules = 1, = 1 are only resolved for transitions lower than the = 6 5 transition. These new experimental saturation dip data, together with the molecular beam maser emission data of the = 1 0 and = 2 1 transitions reported by De Lucia and Gordy, (Phys. Rev. 187, 58 (1969) (5) kHz, and the spin-spin interaction between the proton and nitrogen nucleus, NH = 0.154 (3) kHz, can not be determined from the saturation dip measurements and have been taken from Ebenstein and Muenter, J. Chem. Phys. 80, 3989 (1984). There also a value for the ground state permanent electric dipole moment (in Debye's) is given, which we quote for completeness: 000 = 2.985 188 (3) D. We also report the discovery of the = 3 2 and = 4 3 ground state rotational transitions of HCN in the dark, cold molecular cloud TMC1 by using the KOSMA 3m-Submillimeter Telescope located in the central Swiss Alps. For the = 3 2 transition the hyperfine splitting has partly been resolved. The intensities of the hyperfine components are anomalous, and they are not in thermodynamic equilibrium.
Introduction
Since the first observation of the rotational transition = 1 0 by Gordy and collaborators [1, 2] in 1949, hydrogen cyanide, HCN, has been the subject of many detailed investigations. The main goal of these early publications was to establish, first of all, 0932-0784 / 02 / 0800-0669 $ 06.00 c Verlag der Zeitschrift für Naturforschung, Tübingen www.znaturforsch.com a reliable experimental data base and consequently to derive from these data accurate molecular parameters for HCN and its various isotopomers in their ground and vibrationally excited states.
As a linear triatomic molecule, HCN displays a fairly simple pure rotational spectrum that consists of an R branch for the vibrational ground state. In addi-tion to the regular R branch ∆ = 1 millimeter-and sub-millimeter wave transitions, Q branch ∆ = 0 transitions occur between vibrationally excited degenerate state levels that are connected by l-type resonance matrix elements. The latter transitions are also called "direct l-type transitions" and have been observed in the laboratory and in interstellar space. The HCN rotational spectra display many features that are also of interest from a theoretical point of view, such as comparison with ab initio calculations, or the large amplitude motion aspect of the bending vibration.
Since the discovery of HCN in various types of interstellar clouds [3, 4] , this molecule has also become of high astrophysical interest, both in the ground and in excited bending states. Especially the medium J rotational transitions of the R branch in the vibrational ground state have become good tracers of high-density interstellar gas [5] , whereas circumstellar HCN maser action has been discovered in various vibrationally excited levels [6] . The direct l-type transitions have also been discovered in space [21] . Detailed references to the laboratory and the interstellar measurements reported before 1977 are found in the compilation made by Lovas [7] . Laboratory spectra for the less abundant isotopomers, particularly those with more than one substituted nucleus, have been reported in 1993 [8] .
In this paper we display nine R branch transitions of the pure rotational spectrum of HCN recorded and measured in saturation dip spectroscopy. The Cologne terahertz spectrometer was operated in the sub-Doppler mode. It should be emphasized that this presentation is the first one ever and probably the most comprehensive to date to display every rotational transition of a molecule in sub-Doppler resolution up to 1 THz, with the aim to reveal as much of the underlying hyperfine structure as possible.
HCN Electric Quadrupole and Magnetic Hyperfine Structure
The nonspherical distribution of the positive nuclear charge of 14 N ( N = 1) produces an electric nuclear quadrupole moment, which due to interaction with the negative electron field gives rise to a sizeable hyperfine structure (hfs). In addition, the nuclear spin of 14 N atom behaves as a microscopic magnet with a magnetic moment that interacts with the magnetic field produced by rotating charged particles (electrons and nuclei). This interaction, called nuclear spin rota- tion interaction, contributes to the electric quadrupole hyperfine structure. Although the expressions for the quadrupole energy and spin-rotation interaction for a single nucleus in a linear molecule is well understood, it seems at this point advantageous to shortly summarize the effect of the hyperfine interaction on the splitting of the rotational energy levels and its associated line pattern. With the exception of the = 0 rotational level, each rotational state is split into a triplet due to the 14 N hyperfine interaction. The recorded sub-Doppler line pattern reflects this interaction for all transitions observed in this work.
The nitrogen-14 N nucleus electric quadrupole interaction causes the lowest rotational transition = 1-0 to be split into a hyperfine triplet, whereas six hyperfine components are expected for all higher rotational transitions. The spectral resolution reached by Doppler limited techniques is sufficient to fully resolve the triplet hyperfine splitting of the = 1-0 transition (Fig. 1) . However, the expected additional, very small hyperfine nuclear spin-spin splitting caused by the magnetic coupling between the nitrogen 14 N ( N = 1) and hydrogen ( H = 1/2) remained unresolved, even for sub-Doppler beam maser techniques [8] .
According to the selection rules ∆ = 1, ∆ = 0 1, the hyperfine pattern of the = 2-1 rotational transition and all higher rotational transitions consists of a hyperfine sextet. However, only five of the six components are usually observed, since the = -1 component carries only about 0.6% of the transition's total intensity, which is usually too weak to be resolved. In particular, this line is very difficult to measure, since it is located in close vicinity to the dominating ∆ = +1 components. This statement holds true for all measurements reported here, in the sense that the ∆ = -1 hyperfine component has not been observed for any rotational transition recorded in this work. Thus each rotational transition displays a similar hyperfine pattern, consisting of three very closely spaced hyperfine components (∆ = 1, ∆ = 1), which carry most of the rotational transition's total intensity. This "inner" triplet of hyperfine components is accompanied by two somewhat more widely spaced components, i. e. ∆ = 1, ∆ = 0. However, each of them carries only a small fraction of the intensity of the entire transition, i. e. within a factor of 2 the strength of the transition is proportional to 1/ 2 . One of these "outer" hyperfine components is positioned on the low, the other on the high frequency side relative to the "inner" hyperfine triplet.
Saturation Measurements
All ground state rotational transitions up to = 11-10 of HCN have now been recorded in sub-Dopp- ler resolution and are displayed in a sequence of nine recordings (Figs. 2.1 -2.9 ). The hyperfine pattern of the two lowest rotational transitions has been fully resolved by millimeter-wave molecular beam maser techniques [9] developed by De Lucia and Gordy. The other nine rotational transitions are presented here in a sequence of figures, intended to demonstrate the occurrence of saturation dips and crossover dips. These experimental data are presented In our saturation dip measurements of HCN, the hyperfine pattern is best borne out by the = 3-2 transition. The achieved resolving power by the saturation dip technique was just sufficient to barely separate the "inner" triplet of hyperfine components, i. e. (∆ = 1, ∆ = 1), as shown in Fig. 2.1 . However, as one moves to consecutively higher rota- Fig. 2.6 . The = 8-7 transition in sub-Doppler resolution. Here one is left with one dip for the "inner three" hf-components, with two clearly detectable crossover dips and barely visible two outer hf-components. In cases like that, the crossover dips can be used to measure the location of the outer hf-components of the rotational transition. tional transitions, small but significant changes occur in the relative intensities and positions of each individual hyperfine component. As expected, the more intense components, i. e. the "inner" triplet of the hyperfine structure are those, for which ∆ = ∆ = +1, and for these the hyperfine structure decreases as increases. For the two weaker "outer" components ∆ = 1, ∆ = 0 the change in quadrupolar energy is larger and the splitting decreases very slightly as J increases. Their relative intensity decreases with increasing J values (as 1/ 2 ). This behaviour can Further details and references on earlier saturation dip spectroscopy in the submillimeter wave region carried out in the Cologne laboratory are found in [10 -12] .
Saturation and Crossover Dips
Power saturation of the purely Doppler broadened line profile produces a narrow ( 40 kHz) dip at the center of the transition. The theory of saturation dips [13] has been worked out by using the density matrix formulation [14 -16] . The full linewidth at half maxima 1 2 (FWHM) of the Lamb dip is limited by the natural life time broadening:
where sp is the spontaneous lifetime. The intensity of the dip is proportional to ( 12 ) 4 , where stands for the intensity of the monochromatic electromagnetic field and 12 is the matrix element of the corresponding hyperfine transition moment. In addition to the Lamb dips, crossover dips can occur for any two lines which meet two conditions simultaneously: (i) they have to share one energy level in common and (ii) the level separation has to be within the Doppler width, which is the case for the HCN hfs-split rotational levels. For the = 7 and 6 levels the two possible crossover dips are marked in Figure 3 . Since the crossover dip occurs at exactly the average frequency of the pair of lines ( 12 + 13 )/2, they can be used additionally for the frequency determination of the hf component. We note that the crossover dip displays the same width as the normal saturation dips, its intensity being proportional to the 
where R is rotational transition moment, is the "hyperfine Hoenl-London" factor for the corresponding hyperfine component and CO is a dimensionless cross-over product factor expressing an overlap of the Doppler profile functions This factor can be written using the Doppler width (FWHM) (4) where is frequency of the corresponding crossover dip. The values of the overlap product factor are in interval 0-1 and can be expressed in Doppler units as it shows Figure 4 . The crossover dips are marked in Fig.  2 .3 and in all following ones by an upper case C with the appropriate hyperfine energy levels as suffices.
As an example, the two hyperfine transitions = 7-6 and = 6-6 share as common level = 5, = 6, and consequently the appropriate crossover dip carries the label C 76 -C 66 , where the energy separation between the levels J = 6, F = 6 and = 6, = 7 is about 1.71 MHz which is 1.34 , and the corresponding value of the crossover-overlap factor CO is only 0.06 (see Fig. 1 ) and no cross-over dip has been observed.
Figures 2.5 -2.9 illustrate the recordings of the remainder of the submillimeter wave HCN transitions commencing with the = 7-6 rotational transition and ending with the = 11-10 located at 974 487 MHz. For the three rotational transitions = 9-8, 10-9, and 11-10 only a central dip has been observed, corresponding to the three "inner" hf-components.
Saturation Dip Measurement and Results
In Table 1 we have collected all power saturation dip sub-Doppler measurements carried out in this work together with the maser beam measurements provided by De Lucia and Gordy [9] . Since 1995, the time high power BWO-tubes made in Russia became available, we have performed saturation dip measurements up to 1 THz.
In the early 1990'ies the Wall came down separating the East from the West, and in its wake relations eased to the point that it became possible to introduce in the Cologne laboratories Russian made backward wave oscillators (BWOs). Consequently, we developed the technique of phase-stabilisation [17, 24] for the BWOs up to about 1.3 THz. With this technique at hand, we could demonstrate their superiority by revealing the extremely high spectral purity of the tubes and their smooth broad frequency tunability.
The BWOs are produced by ISTOK, the Russian Research and Production Company, located in Fryazino, Moscow region. In collaboration with IS-TOK several, specially developed high power-output BWOs have been used in the present work covering the entire frequency region from 260 GHz to 1.2 THz. Higher frequencies we have reached by frequency multiplication (see e. g. [18] ).
Ground State Molecular Constants
The spectroscopic constants for HCN quoted by various authors are collected in Table 2 . For comparison, we quote the molecular parameters given by DeLucia and Gordy [9] , those recently obtained by Maiwald et al. [18] , and the ones derived from the present saturation dip data only, together with a set of constants derived from selected molecular transitions considered to be most precisely measured. It is to be noted that the molecular parameters derived from the latter data set are extremely precise and we consider them presently to be the most reliable set of experimental molecular parameters for the ground state of HCN. It is revealing to compare in Table 2 the values of the rotational and centrifugal distortion constants B, D, and H in the vibrational ground state of either Maiwald et al. [18] , or saturation dip data, with those derived by Maki [19] from FT-IR data only.
The most reliable set of molecular constants so far (column 2 in Table 2 ) has been derived in this work from a simultaneous fit of a selected set of high a exp consist of two entries for each rotational transition: the first entry represents the calculated hyperfine-free rotational frequency, the other are measured hyperfine lines. For each transition the corresponding standard deviation ( ), a difference obs.-calc., relative ( R I) and absolute ( A I) intensities are given. Both intensities are listed for the linear as well as saturation experiment. It is to be noted that crossover dips do not exist in linear spectroscopy. [9] , the sub-millimeter data from Maiwald et al. [18] , and the Lamb dip data presented here. b Transitions taken from the present saturation dip data only.
precision measurements to the following energy expression:
where eQ q 0 (respective eQ q J ) represents a product of the (nitrogen) nuclear quadrupole coupling constant with the electronic field gradient parameter (respectively its centrifugal distortion contribution), C N and C NJ is the nitrogen spin rotation coupling parameter and its centrifugal distortion correction term, and finally is so called Casimir's function which takes form
In this global fit we used three sources of data: i) the present saturation dip measurements, ii) the measured molecular beam maser transition frequencies of De Lucia and Gordy [9] , and iii) the Doppler-limited measurements up to 2 THz recently published by Maiwald et al. [18] . From the latter data we have taken only those which are not covered by the present saturation dip data set, i.e.all rotational transitions between 1 THz and 2 THz. In addition, we have made use of a molecular beam electric resonance study of the = 1 energy level by Ebenstein and Muenter [20] . From a total of nine allowed and recorded electric resonance transitions with ∆ = 0 in the = 1 energy level, they derive very precise hyperfine properties of the ground state level including the nuclear quadrupole coupling constant for = 1: = -4 707.83 (6) Comparison between the three results on the electrical quadrupole moment, , shows that our newly derived value agrees with the De Lucia and Gordy value within their respective standard deviations. There exists a slight discrepancy of our -value and the one quoted for the J = 1 energy levels by Ebenstein and Muenter [20] , however still within their quoted standard deviations. We consider this small difference in our respective the -values to arise as a consequence of its correlation with J parameter and neglecting of the hydrogen spin rotation and nuclear spin-spin interactions in our study.
Astrophysical Detection: HCN, = 4 -> 3 and 3 -> 2 Emission in TMC1
We report the detection of the two R branch transitions = 4 3 and 3 2 in the Taurus Molec-ular Cloud 1, TMC1. The hyperfine splitting of the = 3 2 transition has been partially resolved, see Figure 5 . Comparison with the laboratory spectrum shown in Fig. 2 .1 helps to identify the two interstellar HCN emission features. Before we discuss the new HCN detection, we present a short overview of the unique interstellar cold cloud TMC1.
The distribution of interstellar and circumstellar HCN proves it to be an ubiquitous and abundant molecule with which the conditions in molecular clouds can be traced easily. Due to the high permanent electric dipole moment of 2.99 Debye in the vibrational ground state, HCN will be excited via collisions only in the denser regions of molecular clouds. Thus HCN serves as an important indicator for tracing a variety of different high density physical phenomena, which range from the denser cores of star forming regions and dense shells of circumstellar envelopes such as that of IRC10216 to proto-planetary nebulae like CRL618 [22] .
Since the detection of HCN in interstellar space by the = 1 0 R branch transition at 88.6 GHz, it has become clear that the electric nuclear quadrupole splitting of the 14 N-nucleus can be resolved only for this transition in most interstellar sources. For the next three higher J transitions, i. e. = 2-1, 3-2, and 4-3, the hyperfine splitting of the center components and the two outer ∆ = 0 components can hopefully be detected in cold, dark, and quiescent interstellar clouds. This represents a special class of molecular clouds, which are fairly dense, but no star formation has started yet. The physical conditions of these cold condensations are characterized by kinetic temperatures of 10 K and volume densities in excess of 10 4 cm 3 . The Taurus Molecular Cloud region contains many smaller core regions, one of them is the somewhat unique source named TMC1. Is the chemistry in TMC1 unique?
In TMC-1 the fractional abundance of complex hydrocarbon species and their derivatives are greater than in any other known interstellar source. The long linear unsaturated nitriles known as cyanopolyynes, with formulas H(C C) -C N, = 0-5, and other carbon chain species represent conspicuous eigensignatures of the source TMC1. Formally, one might consider HCN the shortest of the cyanoplyynes. In the light of molecules tracing high density, TMC-1 exhibits an elongated structure with molecular emission stretched out along a ridge of approximate dimension 0.06 0.6 pc 2 . It resembles somewhat a "cigar in space". On an even smaller scale, TMC-1 exhibits two main emission peaks, known as the cyanopolyyne and ammonia peak. These are two abundance maxima, separated by about 0.3 pc. The interstellar line-width in TMC1 is determined by the clouds kinetic temperature which is about 10 K, and the line-width equals the Doppler width 2(∆ ) d = 7.15 10 7 (T/M) 1 2 0 (see e. g. [1] ). The linewidth (HPFW) in TMC1 is about 0.5 km/s,which is wider than the Doppler width of about 0.13 km/s. Therefore, the kinetic temperature is but one factor to determine the linewidth, but the turbulence even for TMC1 cannot be neglected entirely. As far as turbulence in molecular clouds is concerned, TMC-1 is thus a "calm" condensation without any known embedded star. Due to its small size, TMC-1 could hardly be detected were it at a significantly longer distance.
The observations were carried out with the 3 m sub-millimeter radio-telescope at KOSMA. The Cologne Observatory for Sub-Millimeter Astrophysics, KOSMA is the home of the Cologne 3 m submillimeter radio-telescope located on the Gornergrat (altitude 3100 m) near Zermatt in Switzerland. Both the HCN transitions, i. e. = 3-2 and 4-3 lines, were detected in TMC1 at the cyanopolyyne peak. It might be mentioned in passing that the receivers installed at KOSMA employ exclusively SIS (SuperconductorInsulator-Superconductor) mixers which are designed and built in our Cologne Nano-Laboratories. Similarly, as backends we rely exclusively on acoustooptical spectrometers (AOS). For the HCN detection we used the 2000 channel Cologne-built high resolution AOS with a bandwidth of 59 MHz and appropriately a frequency resolution of 53 kHz.
In the case of evaluating the newly observed spectra, we measured the frequencies of the two hyperfine components of the = 3-2 lines assuming the velocity of TMC1 as 5. By taking into account the frequency resolution of the AOS, the latter two frequencies of the = 3-2 and 4-3; ∆ = 1 transitions agree closely with the laboratory measured frequencies. However, in case of the = 3-2, ∆ = 1 emission, the observed frequency difference between the two hyperfine components in TMC1 is by about 0.15 MHz higher than the laboratory value. This difference is probably due to self-absorption, a situation which often happens in sources with relatively strong interstellar emission. Absorption stems from the fact that the emitting region is often surrounded by colder material absorbing part of the line emission but at slightly different velocities.
Closer inspection of Fig. 5 reveals that the intensity relation of the two hyperfine components does not represent the intensity ratio expected for the condition of Local Thermodynamic Equilibrium. The = 3-2 line displays for the ∆ = 1 component (overlap of = 4-3, 3-2, 2-1) and for the = 3-3 component nearly equal intensities. Theoretically, the ∆ = 1 component is much more intense than the = 3-3 component. In addition, the = 2-2 component is not detected, although the = 3-3 and 2-2 components should exhibit the same intensity (see Table 1 ).
We performed model calculations to explain these abnormal intensities including hyperfine selective collisional excitation. As a result, the intensities could be roughly explained [22] (Takano, Stutzki, and Winnewisser 1999), and the HCN abundance and H 2 density could be obtained. Details of the calculations and the results will be published separately.
Conclusions
The present measurements provide ground state rotational transitions of HCN, all measured with subDoppler saturation spectroscopy. Commencing with the = 3 2 transition, all nine rotational transitions have been recorded in sub-Doppler resolution as high as = 11 10 just below 1 THz. We have portrayed these nine transitions in a special sequence of figures (Fig. 2.1-2.9 ) which are intended to allow detailed and scrutinizing checks of the Lamb-dip spectra and the occurrence of crossover dips. In addition, saturation spectroscopy in the terahertz region reveals detailed spectral features such as hyperfine structures, which otherwise would remain concealed within the Doppler widths.
The intensities of the observed saturation dips and crossover dips are found to be consistent with theory (see Table I ). Nine consecutive rotational transitions with their associated hyperfine structure, which has partly been resolved, form this new data set. Together with the molecular beam maser measurements of the = 1 0 and = 2 1 transitions by De Lucia and Gordy this combined data set represents hitherto one of the very rare cases, for which all measurable R-branch transitions have been recorded in sub-Doppler resolution and with an absolute frequency accuracy for each line of typically 2 kHz or better. From these data, molecular constants for the ground state of HCN were determined. In fact, the quality of the Lamb-dip data demonstrates the importance of these measurements in better determining the constants for this well measured (in the infrared) molecule [19, 23] .
This detailed study of the vibrational ground state rotational spectrum of H 12 C 14 N has been extended towards its various isotopomers, notably H 13 C 14 N and D 12 C 14 N. In addition, saturation dip spectroscopy has been used to check out various vibrational excited states. These results will be published in due course.
The detection of millimeter wave emission of HCN originating from the dark cloud TMC1 with the KOSMA 3 m Sub-Millimeter wave telescope suggests that it will be profitable to search for HCN with a larger aperture millimeter-/ sub-millimeter telescope, like the 30 m IRAM telescope.
For conducting these detailed investigations of the laboratory and spectra of some very selected molecules, there exists, however, an underlying broader scope. Recently, we have measured and analysed in similarly scrutinizing detail, the rotational spectra of the six stable isotopomers of CO to the same level of detail [25 -29] . We provide this way rotational spectra of spectroscopically important molecules recorded to a level of accuracy which corresponds to the state of the art and in a frequency domain around 1 THz not available in the past. As the data become available after passing scrutinizing checks, they will form part of the basis of the Cologne Database for Molecular Spectroscopy, CDMS, which can be accessed online free of charge via http://www.ph1.unikoeln.de/vorhersagen/ or alternatively via the shortcut http://www.cdms.de [30] .
